Despite the fact that the genetic code is known to vary between organisms in rare cases, it is believed that in the lifetime of a single cell the code is stable. We found Acetohalobium arabaticum cells grown on pyruvate genetically encode 20 amino acids, but in the presence of trimethylamine (TMA), A. arabaticum dynamically expands its genetic code to 21 amino acids including pyrrolysine (Pyl). A. arabaticum is the only known organism that modulates the size of its genetic code in response to its environment and energy source. The gene cassette pylTSBCD, required to biosynthesize and genetically encode UAG codons as Pyl, is present in the genomes of 24 anaerobic archaea and bacteria. Unlike archaeal Pyl-decoding organisms that constitutively encode Pyl, we observed that A. arabaticum controls Pyl encoding by down-regulating transcription of the entire Pyl operon under growth conditions lacking TMA, to the point where no detectable Pyl-tRNA Pyl is made in vivo. Pyl-decoding archaea adapted to an expanded genetic code by minimizing TAG codon frequency to typically ∼5% of ORFs, whereas Pyl-decoding bacteria (∼20% of ORFs contain inframe TAGs) regulate Pyl-tRNA Pyl formation and translation of UAG by transcriptional deactivation of genes in the Pyl operon. We further demonstrate that Pyl encoding occurs in a bacterium that naturally encodes the Pyl operon, and identified Pyl residues by mass spectrometry in A. arabaticum proteins including two methylamine methyltransferases.
codon reassignment | pyrrolysyl-tRNA synthetase | Desulfitobacterium dehalogenans | Desulfitobacterium hafniense I n most organisms the genetic code of 64 nucleotide triplets is decoded into 20 canonical amino acids, whereas three codons signal translational stop. Across the diversity of life the genetic code has been shown to vary in both size and codon assignment in some organisms, and especially in organelles. It is believed, however, that within a single cell the genetic code remains static (i.e., the number of amino acids encoded is constant) and determined by the aminoacyl-tRNA synthetases and tRNAs encoded in the genome. There are 22 genetically encoded amino acids, including selenocysteine (Sec) and pyrrolysine (Pyl); whereas many organisms have an expanded genetic code with 21 amino acids (either Sec or Pyl), only few organisms have 22 amino acids by using Sec and Pyl (1) . In the expansion of the genetic code with selenocysteine, an elaborate recoding machinery is required where RNA secondary structure elements specify certain UGA codons as Sec, whereas in their absence UGA codons remain termination signals (2) . Pyl, on the other hand, which is well characterized in archaeal methanogens (3) , is encoded by UAG (4, 5) , suggesting that any TAG codon in the genome of these organisms could (if expressed) lead to Pyl insertion.
Pyl was first identified in the active site of an archaeal methyltransferase (4, 6) , which is required for growth on methylamines. The components needed for recoding UAG from stop to Pyl exist in 24 species usually on a single operon. In addition to encoding tRNA Pyl CUA and pyrrolysyl-tRNA synthetase (PylRS) (7, 8) , this operon encodes for PylB, PylC, and PylD, the only enzymes required for the biosynthesis of free Pyl (9) . It has been shown that the Pyl operon can be transferred into Escherichia coli, and is sufficient to promote limited read-through of amber codons (10, 11) . A Methanosarcina acetivorans strain lacking tRNA Pyl is viable when cells are grown on methanol as a carbon source, but detrimental for growth on methylamines (12) . This led to the initial assumption that Pyl was solely required in the catalytic active site of methylamine methyltransferases that are highly up-regulated on methylamines and repressed on methanol (13, 14) . We demonstrated, however, that Pyl can be incorporated in tRNA
His guanylyltransferase (Thg1), an enzyme that is not involved in methylamine metabolism, and interestingly, Pyl does not participate in the catalytic activity of this enzyme (15) . Additionally it has been shown that tRNA
Pyl is expressed independently of the carbon source in Methanosarcina mazei (16) and that Pyl-containing proteins were recovered from M. acetivorans cells grown on methanol (15) . These studies indicate that the expression of particular Pyl-containing proteins is regulated in archaeal organisms, but Pyl-tRNA Pyl formation and encoding of UAG as Pyl is constitutive and has not been shown to be regulated during the lifetime of the cell.
Our current understanding of Pyl decoding is based on the knowledge of 24 known Pyl-decoding organisms, with about half of them in the Methanosarcina family of archaeal methanogens and the others consisting of a diverse group of bacteria. Partly due to the lack of genetic tools (17) , Pyl decoding in these bacteria has not been investigated in vivo. PylRS and tRNA Pyl from Desulfitobacterium hafniense (18) and from Methanosarcina (19) are well characterized in vitro, and the information gained from the structural data (20, 21) led to the development of many orthogonal tRNA/synthetase pairs used for unnatural amino acid incorporation (22, 23) . In a heterologous E. coli context, PylRS and tRNA Pyl from D. hafniense are active in UAG suppression in vivo (18) . Despite this progress, there has been no observation of Pyl decoding in a bacterium that naturally contains the Pyl operon. Here we investigate in vivo expression of Pyl operon gene products, Pyl-tRNA Pyl formation, and the production of Pyl-containing proteins in putative Pyl-decoding bacterial species including Acetohalobium arabaticum, Desulfitobacterium dehalogenans, and D. hafniense.
Results
Diversity of Pyl-Decoding Organisms. Since the discovery of pyrrolysine in archaea (6), the list of organisms possessing the Pyl operon expanded, representing ∼0.7% of all sequenced genomes. Using BLAST with known PylRS sequences reveals homologs in 24 species including 15 bacteria (Fig. 1A) . The gene encoding tRNA Pyl (pylT) is present at the 5′ end of the Pyl operon, which is organized differently in archaeal versus bacterial examples (9) . Whereas PylRS is encoded by one gene in archaea (pylS), separate pylSn and pylSc genes encode the N-terminal and C-terminal polypeptides of PylRS in bacteria, respectively. Most Pyl-decoding bacteria, except the deepest branching bacterial PylRS from A. arabaticum, encode the N-terminal domain at the 3′ end of the operon. It is still not known how or if these separated domains function in trans. In A. arabaticum, the pylSn is upstream of pylSc (as in archaea) but the two genes are encoded in different reading frames (9) . The separated pylSn gene of A. arabaticum may have been inherited or acquired by other bacteria that subsequently rearranged pylSn to the 3′ end of the operon, evolving an operonal organization found in all other known Pyl-decoding bacteria.
The bacterial Pyl operon shows additional diversity, in that Pyl operons from A. arabaticum and D. dehalogenans are interrupted by genes for the Pyl-containing trimethylamine methyltransferase (MttB) and its cognate corrinoid protein (MttC) (Fig. 1B) . A hydantoinase (HyaA), an arginine pathway regulator (RocR), and a dihydropteroate synthetase (DhpS) are among the gene products encoded within the Pyl operons of bacterial origin. The specific function of these putative proteins and their involvement in the Pyl system remain unknown.
TMA-Dependent Induction of Pyl-tRNA
Pyl Formation in A. arabaticum.
To determine whether tRNA Pyl is expressed in putative Pyldecoding bacteria, total RNA was isolated from cells grown either on pyruvate (Pyr) or trimethylamine (TMA) and analyzed by Northern blot. We focused on three bacterial strains D. hafniense (DCB-2), D. dehalogenans, and A. arabaticum. The Northern blot analysis revealed that Pyl, in the conditions tested, is not encoded in all organisms that contain the Pyl operon in their genome (Fig. 2) In addition, under the conditions tested, we observed no aminoacyl-tRNA Pyl formation in D. dehalogenans or D. hafniense.
Given that Pyl-tRNA
Pyl formation is dependent on the presence of TMA in the growth medium of A. arabaticum, we tested the ability of D. hafniense or D. dehalogenans to use TMA as growth substrate. Despite the presence of genes encoding putative TMA methyltransferases, these strains were unable to grow on TMA. We also surveyed tRNA Pyl expression and Pyl-tRNA Pyl formation in these organisms in eight different culture conditions (listed in experimental procedures) using a variety of carbon sources (24) . Northern blot analysis revealed that D. dehalogenans expresses tRNA Pyl but under no growth condition tested was Pyl-tRNA Pyl observed (Fig. S1 ). In D. hafniense, despite encoding an active PylRS/tRNA Pyl pair (18), we found no endogenous expression of tRNA Pyl under the conditions tested.
Pyl-Protein Expression in A. arabaticum. Like its archaeal counterparts, the mttB gene of A. arabaticum contains an in-frame TAG codon. Western blot analysis of crude A. arabaticum cell extract showed that production of full-length MttB was only observed when cells were grown on TMA (Fig. 3A) . MS/MS analysis confirmed that a Pyl residue was inserted in response to the UAG codon (Fig. 3B) . The expression of an ORF encoding two UAG codons, L-serine dehydratase (L-SD, involved in pyruvate metabolism), was also detected only in the presence of TMA. No truncated version of MttB or L-SD could be found in A. arabaticum cultivated on Pyr. The MS analysis also uncovered expression of a third Pyl-containing protein MtbB, a dimethylamine methyltransferase (Fig. S2 ).
TMA-Dependent Induction of Genetic Code Expansion. To confirm TMA dependence of Pyl decoding, we followed substrate adaptation in cells actively growing on Pyr then pulsed with TMA. We monitored tRNA Pyl and protein expression of MttB and L-SD over a time course of days (Fig. 4) . After the addition of TMA, we observed a lag period of ∼4 d before A. arabaticum began to consume TMA (Fig. 4A) . The A. arabaticum proteome is qualitatively altered during this adaptation process as we observed on SDS/PAGE from day 2 and day 10 ( Fig. 4C) . Northern blot analysis showed increasing tRNA Pyl expression and Pyl-tRNA Pyl formation that correlates with TMA consumption (Fig. 4B) . Western blots revealed that MttB protein expression also increased with increasing Pyl-tRNA Pyl production (Fig. 4C) . L-SD expression followed the same tendency, but with lower expression (Fig. 4C) .
Regulation of the Pyl Operon in A. arabaticum and D. dehalogenans.
To investigate the transcription of the Pyl operon, we isolated RNA from cells cultivated on TMA or Pyr. RNAs were reverse transcribed and cDNA was amplified using primer pairs specifically targeting each protein encoding gene in the Pyl operon. In A. arabaticum, we observed that pylSn, pylSc, pylB, pylC, and pylD were down-regulated on Pyr compared with TMA (Fig. 5A) . Although we see no protein expression of MttB in Pyr grown cells (Fig. 3A) , we wondered if transcriptional control is involved. Surprisingly, mttB and mttC transcription was similar under both conditions. Because in the absence of TMA no Pyl-tRNA Pyl is made, MttB expression is likely controlled at the translational level. The lack of truncated MttB product despite expression of its mRNA on Pyr may indicate its rapid degradation. In D. dehalogenans cells cultivated on Pyr, transcription of pylBCD is barely detectable, whereas pylSc and pylSn are transcribed (Fig. 5B) . The data show that Pyl-tRNA
Pyl cannot be observed in D. dehalogenans because Pyl is not synthesized under the conditions tested.
Evolution of Pyl-Containing Proteins in Bacteria. In the 24 Pyldecoding organisms, a total of 67 methylamine methyltransferase genes (mtxB) are identifiable, among them 35 putative Pylcontaining methyltransferases (Fig. S3) . The function of nonPyl-containing MttB homologs is unknown. The methylamine methyltransferases are substrate specific and different variants MtmB, MtbB, and MttB abstract a methyl group from mono-, di-, and trimethylamine, respectively. Among bacteria, only . Total RNAs were extracted from A. arabaticum cultivated on Pyr or TMA, and from D. dehalogenans and D. hafniense, both cultivated on Pyr in the presence of 5 mM lysine. Total RNAs were extracted and half of each RNA sample was submitted to alkaline treatment to promote deacylation (indicated by +OH). All RNA samples were separated by acid gel electrophoresis, transferred to a nitrocellulose membrane, and hybridized with a DNA probe specific to each bacterial tRNA A. arabaticum encodes all three mtxB genes. The A. arabaticum MtxBs are the deepest branching in their phylogenies and most similar to their archaeal relatives. The arrangement of pylSn and pylSc in A. arabaticum is also most similar to the archaeal versions ( Fig. 1) . Given MtmB and MtbB are mostly found in archaea, there is support for the notion that Pyl and the MtxBs were horizontally transferred from archaea to bacteria. The fact that the Pyl cassette is easily transmissible to E. coli also supports this idea (10, 11) , and in Fig. S3 we find phylogenetic evidence supporting the horizontal gene transfer scenario. In the MtmB clade, the bacterial examples emerge within the archaeal group, which is the phylogenetic signature of horizontal transfer, and suggests A. arabaticum acquired at least mtmB from archaea.
Although L-SD proteins represent a large family, the enzyme is found only in bacteria with no known Pyl-containing homologs. L-SD proteins are composed of two domains (α and β), encoded either by one "full-length" gene or two adjacent genes, dividing the family in two phylogenetic groups (Fig. S4) . In A. arabaticum, Pyl incorporation results in read-through of two UAG codons linking the α and β domain to form a single polypeptide. This is the only characterized example of Pyl read-through linking two otherwise separated protein domains and demonstrates that an expanded genetic code can create new protein products and alter the cellular proteome.
Discussion
Origin of Pyl and TMA Metabolism in Bacteria. A. arabaticum is a member of the phylum Clostridia as are many of the Pyldecoding bacteria (25) . Given the phylogenetic diversity between A. arabaticum and archaeal methanogens, it is interesting to consider how A. arabaticum and other bacteria acquired the Pyldecoding trait. A. arabaticum has been found in the marine environment alongside these methanogens including the Pyl-decoding Methanohalobium evestigatum, which is also able to survive on methylamine (26) . In this hypersaline environment, A. arabaticum participates in the one-carbon metabolism that is important for methanogenesis from methylamines. A. arabaticum can live as a chemolithotroph with H 2 + CO 2 or CO, a methylotroph on TMA, or as an organotroph using lactate, pyruvate, or betaine, which is an important osmoregulatory compound for many methanogens. Interestingly, betaine is a metabolic precursor of TMA (27) . A. arabaticum may live in syntrophy with Pyl-decoding archaea by converting readily available betaine to TMA, a usable carbon source for methanogens. The proximity in the environment of A. arabaticum with methanogens could have facilitated horizontal transfer of the Pyl operon from archaea to bacteria.
Dynamic Modulation of the Genetic Code. Previous studies in M. acetivorans showed that pylT deletion inhibits growth on methylamines, but cells are viable in growth on methanol, indicating that Pyl is essential only for methylamine metabolism (12) . Pyl can nevertheless be incorporated into proteins with the same efficiency in Methanosarcina cells grown either on TMA or methanol, suggesting that growth substrate does not influence Pyl incorporation in archaea (12, 15) .
A. arabaticum is the only organism known to modulate the size of its genetic code in response to its energy and carbon sources. If TMA is unavailable in the environment, descendants of Pyldecoding A. arabaticum could likely eliminate the Pyl cassette from their genomes. The sparse distribution of the Pyl-decoding trait across the diversity of life (in ∼0.7% of known species) indicates that gene loss is a common fate for the Pyl operon. Thus far, experimentally verified natural synthesis of Pyl proteins is restricted to anaerobic organisms that can metabolize TMA, but the diverse arrangement of Pyl operons among bacteria indicates that some organisms may have found unique applications for Pyl.
Adaptation to an Expanded Genetic Code. As we found in M. acetivorans (15), Pyl is also present in bacterial proteins that have no apparent relation to methylamine metabolism. In A. arabaticum, for example, we observed Pyl in L-serine dehydratase, representing the only known example of a protein containing two Pyl residues. The fact that Pyl-decoding bacteria like A. arabaticum contain in-frame TAGs in ∼20% of their genes, whereas Pyldecoding archaea contain in-frame TAGs in only ∼5% of their genes (28) , indicates that bacteria and archaea adapted differently to the acquisition of the Pyl-decoding trait (Table S1 ). Perhaps archaea evolved to minimize the frequency of TAGs so that the Pyl operon can be constitutively expressed. In bacteria, possibly like the examples we found here, the Pyl operon is either silenced or controlled so that Pyl-containing proteins are only expressed when needed. It is possible that the separation of the N-and C-terminal domains in bacterial Pyl operons is an additional way to control Pyl incorporation. In the absence of TMA, it might be detrimental for the cell to encode an exceedingly high number of TAGs as Pyl. It has been shown that when the E. coli genetic code is artificially expanded to encode unnatural or noncanonical amino acids, phenotypic defects can be observed and even exacerbated in release factor RF1 deletion strains, which allow high levels of UAG read-through that alter the proteome (29) . How release factor variants in Methanosarcina and Acetohalobium differ from those of E. coli to allow efficient UAG suppression is still an open topic (30) .
The gradual induction of Pyl-tRNA Pyl formation we observed over a period of days following a pulse with TMA, suggests a positive feedback loop involving TMA consumption, Pyl-tRNA Pyl formation, subsequent Pyl-protein expression, and the resulting methyltransferase activity. Because mRNA expression levels of the entire Pyl operon in A. arabaticum control Pyl-tRNA Pyl formation, a potential feedback loop could be controlled at the transcriptional level. Whether TMA or an MttB reaction product stimulates feedback remains to be seen.
In Sec-decoding organisms, adaptation to an expanded code is completely distinct because only particular codons are recoded by the Sec insertion sequence (SECIS) element in the mRNA. This regulated recoding allows constitutive formation of Sec-tRNA Sec without disrupting the proteome by reading through UGA codons intended to stop translation. In bacteria and archaea, Sec encoding is not essential for survival, but formate-dependent growth in Methanococcus maripaludis and E. coli requires Sec insertion into formate dehydrogenase (31, 32) . Fascinatingly, whereas Pylprotein expression in A. arabaticum depends on the presence of TMA, selenoproteins can be overproduced in both bacteria and archaea even when formate is not present in the medium (33) . Consequently, in contrast to Pyl decoding in bacteria, Sec encoding does not depend on the carbon or energy source. Nevertheless, selenoprotein production can be regulated in response to Se availability. In human cells when insufficient Se is present, nonessential (stress-related) selenoproteins are down-regulated as a result of deficient methylation of Sec-tRNA Sec at U34, but the expression of the essential (housekeeping) selenoproteins is maintained by scavenging the available Se (34) .
Conclusion
The existence of a carbon-source-dependent genetically encoded amino acid indicates that the genetic code within a single cell can be more dynamic than previously recognized. In archaeal and bacterial Sec-decoding species, Sec-tRNA Sec is synthesized even in conditions where selenoproteins are nonessential. Despite the fact that no Sec-decoding organisms are known to turn off Sec encoding, it is theoretically possible for these organisms to silence Sec-tRNA Sec formation. The dynamic nature of the A. arabaticum genetic code also suggests that canonical amino acids might be similarly regulated. Although there are no reports showing that an organism can survive with fewer than 20 amino acids, it has been shown that cells can tolerate mistranslation due to editing-defective tRNA synthetase mutants, a coping mechanism that is advantageous under certain conditions such as amino acid starvation (35) (36) (37) . Deciphering the transcription factors that regulate Pyl encoding in A. arabaticum is a subject for future work, which will provide further insight into the evolution of the genetic code. By engineering cell survival to depend on essential genes mutated to contain Pyl, the Pyl regulatory system of A. arabaticum can have applications in biological containment of modified or hazardous microbial strains.
Experimental Procedures
Bacterial Strains and Media. A. arabaticum DSM 5501 was cultivated anaerobically in medium 494 recommended by the Deutsche Sammlung für Mikroorganismen (DSMZ), with an increased NaCl concentration of 3 M. As growth substrate, 25 mM of Pyr or 25 mM TMA supplemented with 2.5 mM acetate as carbon source were used. TMA concentration was measured in the medium by using the Folin-Ciocalteu phenol reagent as described in ref. 38 . D. hafniense strain DCB-2 and D. dehalogenans strain JW/IU-DC1 were cultivated anaerobically in medium 717 recommended by the DSMZ with few modifications as described in ref. 39 . The strains were grown in the presence of 25 mM pyruvate and also tested with the following combinations of electron donors and acceptors at a final concentration of 25 mM: lactate/fumarate, lactate/thiosulfate, vanillate/fumarate, formate/fumarate, TMA/fumarate, or lactate/TMA.
Cloning, Protein Purification, and Specific Antibody Production. For antibody production, the N-terminal domain of A. arabaticum L-SD (acear_1197) was cloned between BamHI and NotI into pCDFDuet vector (Novagen) with N-terminal His-tag and transformed into E. coli BL21 (New England Biolabs). A 3-L culture was grown to midlog phase and L-SD expression was induced with 100 mM isopropyl β-D-1-thiogalactopyranoside. Protein was purified by gravity-flow chromatography using Nickel-nitrilotriacetic acid affinity resin (Qiagen). From the purified protein, Cocalico Biologicals generated specific anti-Aar-L-SD rabbit antibodies. For A. arabaticum MttB, an N-terminal peptide (GGDSPDANIDLHDA, position 152-165) predicted to be at the protein surface, was synthetized by Genscript, and injected into a rabbit for specific anti-Aar-MttB antibody production.
Crude Cell Extract Preparation, SDS/PAGE, and Western Blot Analysis. A. arabaticum cells were harvested by centrifugation at 4°C and 4,000 g for 10 min. Cells were lysed by osmotic shock in 50 mM Tris buffer, pH 7.5. Protein concentrations were measured by Bradford protein assay (BioRad). Five micrograms of total protein was separated by SDS/PAGE and stained with R-250 Coomassie Blue solution. For Western blot analysis of L-SD and MttB, 500 ng or 50 ng of total protein extract were separated by SDS/PAGE. Proteins were then transferred onto a PVDF membrane. MttB and L-SD were detected by using the respective anti-Aar-MttB and antiAar-L-SD antibodies. Western blots shown are representative of at least three independent experiments.
Mass Spectrometric Analysis. Extracts from A. arabaticum cells cultivated on TMA were treated with sodium cyanoborohydride and fractionated by SDS/ PAGE. The band corresponding to the molecular weight of MttB was cut from the gel and subjected to in-gel digestion with trypsin. Capillary LC-MS/ MS was carried out on a Orbitrap Velos (ThermoFisher Scientific) using 2 μg digest as described earlier (29) . Raw data were processed with MASCOT distiller and searched with MASCOT (version 2.4.0) using a custom database containing 460 proteins from A. arabaticum. The database was modified with the amino acid K at the expected Pyl insertion site. This enables the detection of Pyl-containing peptides by introducing custom modifications for K corresponding to Pyl, hydrolyzed Pyl (PylH 2 O), and hydrolyzed reduced Pyl (PylH 2 Ored). Database searches were carried out with full trypsin enzyme specificity and allowing up to two missed cleavages. The precursor ion mass tolerance was set to ±30 ppm for the precursor and ±0.2 Da for fragment ions, respectively. Fixed modifications were propionamide (C), oxidation (M), deamidation (NQ), and the custom modifications for Pyl as described above. Only peptides with an ion score >25, indicating identity or extensive homology, were considered for analysis.
Acid Urea Gel and Northern Blot Analysis. A. arabaticum, D. hafniense, and D. dehalogenans cells were harvested in exponential phase by centrifugation at 4°C and 4,000 × g for 10 min, and they were directly subjected to RNA extraction. RNA extractions and acid urea gels were performed according to ref. 40 . A total of 20-200 μg of total RNA was gel separated and subsequently transferred onto Hybond-N+ membrane (GE Healthcare). RNAs were crosslinked to the membrane by UV pulse. Membranes were incubated with ULTRAhyb Ultrasensitive buffer (Ambion) for prehybridization at 42°C for 30 min. DNA oligonucleotides complementary to the acceptor stem and the TψC loop of the respective tRNA Pyl were used as probes with a length of 25-26 nucleotides: A. arabaticum tRNA Pyl (5′-GGGTTAGAGCCTATGTGATCTTTCCG-3′), D. dehalogenans and D. hafniense tRNA Pyl (5′-CGGGGAGTACGGGAGTTT-CACCCGC-3′). Probes were 5′ end labeled with [γ-32 P]ATP (40) and added to the ULTRAhyb Ultrasensitive buffer (10 6 cpm/mL buffer) and hybridized overnight at 42°C. Then the membrane was washed with 2× SSC, 0.1% SDS buffer for 20 min at 42°C, followed by a wash with 0.1× SSC, 0.1% SDS buffer for 20 min at 42°C. The Northern blots shown were visualized by PhosphorImaging and are representative of at least two independent experiments. RNA Extraction, Reverse Transcription, and PCR on cDNA. A. arabaticum and D. dehalogenans cells were harvested in exponential phase by centrifugation at 4°C and 4,000 g for 10 min and RNA was extracted by using TRIzol as described in ref. 41 . Reverse transcription was performed on 1 μg of RNA mixed with 200 ng of random hexamers, in the presence of the SuperScript II Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. Gene specific amplifications using forward and reverse primers (listed in Table S2) were carried out with Taq DNA polymerase (New England BioLabs). PCR products were separated and visualized by 1.5% agarose gel electrophoresis.
Phylogenetic Analysis. PylRS, methylamine methyltransferase, and L-serine dehydratase sequences were downloaded from the National Center for Biotechnology Information and from the Integrated Microbial Genomes at the Doe Joint Genome Institute (42) . ClustalX was used for sequence alignment (43) . The phylogenetic trees were generated with MEGA5 (44) .
